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In this work, the molecules styrene (ST) and phenylacetylene (PA), as well as their argon 
complexes ST-Ar and PA-Ar, have been investigated with ( 1 + 1’) resonance enhanced mul- 
tiphoton ionization (REMPI) threshold photoelectron spectroscopy (TES) . The first adia- 
batic ionization energies of ST, PA, ST-Ar, and PA-Ar have been measured as 68 267 f 5, 
7 1 175 f 5, 68 15 1 f 5, and 7 1027 f 5 cm- ‘, respectively. For both ST-Ar and PA-Ar, the 
first photoelectron band shows structure in the lowest frequency van der Waals (vdW) bend- 
ing mode in the ground ionic state, with yVdw being measured as 15 cm-’ in each case. For 
each molecule excitation to a particular vibrational level of the S, state followed by ioniza- 
tion, allows structure in that mode to be observed in the threshold photoelectron spectrum. 
This has been achieved for three modes in both styrene and phenylacetylene. The experimen- 
tal ionic vibrational frequencies thus obtained, have been compared with those known for the 
Sc and S, states. 
I. INTRODUCTION 
The spectroscopic study of van der Waals molecules in 
the gas phase offers the exciting prospect of bridging the 
gap between the gaseous and condensed phases by probing 
details of solvation at the molecular level.‘-3 Two of the 
most widely used spectroscopic methods for investigating 
such interactions are multiphoton ionization (MPI) and 
laser-induced fluorescence (LIF). MPI, combined with 
mass spectroscopy, has enabled the measurement of ex- 
cited state vibrational spectra of mass selected com- 
plexes,b8 whereas dispersed and excitation LIF spectra 
have allowed vibrational separations in the ground and first 
excited states of van der Waals molecules to be ob- 
tained.‘-13 Additionally, when rotational resolution can be 
achieved in LIF or MPI spectra some structural informa- 
tion on the states involved can be derived.’ 
In principle, photoelectron spectroscopy (PES) can be 
used in a similar way to probe the interaction of an ion 
with a solvent molecule in the gas phase by photoioniza- 
tion from the ground or an excited state of the solvated 
neutral species. However, until recently the PES method 
suffered from poor resolution ( =: 160 cm- ’ ) and conse- 
quently a conventional photoelectron spectrum recorded 
for a van der Waals complex was unable to resolve any 
vibrational structure associated with the cation-solvent in- 
teraction. However, resonance enhanced MPI laser PES 
has made impressive advances in recent years, with thresh- 
old ionization followed by delayed pulsed field extraction, 
as employed in both the zero kinetic energy (ZEKE) 
method and the pulsed field ionization method,‘“‘6 leading 
to an improvement in resolution of over two orders of 
magnitude. This method is capable of measuring the vibra- 
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tional spectra of molecular cations with a resolution of 
typically l-2 cm-‘, and it has been used recently to mea- 
sure the vibrational spectra of a number of cationic com- 
plexes, with structure in the van der Waals modes being 
clearly resolved. Examples of complexes investigated in 
this way include C,H@H-H@ (Refs. 17 and 18), 
C6H6-Ar (Ref. 15), NO-Ar (Ref. 19), C6H,NH,-Ar, (n 
= 1,2) (Ref. 20), and p-dimethoxybenzene-Ar, (n 
= 1,2).21 
The two-color resonance enhanced multiphoton ion- 
ization (REMPI) threshold photoelectron spectroscopic 
(TES) technique used in this work has the following char- 
acteristics: 
( 1) A specific molecule can be selected from a free jet 
expansion by tuning the excitation laser (frequency w, ) to 
a resonant excited state and then subsequently ionizing 
from that state with a second laser (frequency wz). By 
using delayed pulsed field extraction, threshold photoelec- 
trons can be selectively collected as w2 is scanned. The 
energy axis of a spectrum is determined by the sum of the 
laser frequencies (w, + w,) . 
(2) For each neutral species studied, w1 can be used to 
select different vibronic levels in the intermediate resonant 
state. Ionization from each resonant vibronic level will give 
rise to different Franck-Condon factors in the TES spec- 
trum. Photoelectron spectra recorded for excitation in a 
particular vibrational mode in the S, state will show en- 
hanced intensity in that mode, and vibrational assignment 
of this structure can be achieved if the assignment of the 
vibronic levels of the intermediate is known, as is the case 
for the S, states of styrene (ST) and phenylacetylene (PA) 
from their LIF excitation spectra.22’23 
In this present work, two-color ( 1 + 1’) REMPI TES 
spectra are recorded for ST, PA, ST-Ar, and PA-Ar in 
order to obtain vibrationally resolved spectra of their 
ground ionic states. For each argon complex, these exper- 
iments were performed with the aim of measuring the van 
der Waals modes in the ground cationic state. For the 
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monomers, ST and PA, it was proposed to make a com- 
parison of the spectra obtained with the first bands re- 
corded in the corresponding He(1) photoelectron spectra. 
A number of spectroscopic studies on styrene (ST) 
and phenylacetylene (PA) relevant to this present work 
have been reported. Excitation and dispersed fluorescence 
spectra of the i ‘A’+X ‘A’ transition of ST cooled in a 
supersonic jet, have been recordeds2’ Assignment of the 
observed vibrational structure is in good agreement with a 
previous electronic absorption study24 and is consistent 
with a planar equilibrium structure in both the gfou_nd and 
first excited states. A two-photon, one-color A-X MPI 
excitation spectrum of jet-cooled ST has also been pub- 
lished” and assignment of the vibrational structure is in 
good agreement with that achieved in the LIF excitation 
spectrum. In a r$ate$ mass-resolved, MPI study, two- 
photon resonant A+X spectra were recorded for ST and 
ST-Ar.26 Comparison of the two excitation spectra shows 
that the ST-Ar band origin is displaced by 30 cm-’ to 
lower energy of the ST band origin. Also in the ST-Ar 
spectra no signal is observed at higher than 410 cm-r 
above the band origin whereas structure in the ST spec- 
trum is observed to much higher energies. This loss of 
signal in the (ST-Ar)+ mass channel was attributed to 
vibrational predissociation in the neutral excited state and 
comparison of the ST and ST-Ar spectraLed to an estimate 
of the dissociation energy in the ST-Ar A state of &=426 
f 16 cm-1.26 This value combined with the observed band 
origin shift of ST with respect to that of ST-Ar gave Do in 
the ground state as 396=t 16 cm-‘. 
Similar studies have also been performed on PA. Ex- 
citation and dispersed fluorescence spectra have been re- 
corded for the St -Sc transition of PA cooled in a super- 
sonic jet,23 and assignment of the vibrational structure in 
both types of spectra was in good agreement with that 
achieved in a study of the absorption spectrum of PA in a 
gas cell at room temperature.27 
A one-color, two-photon resonant mass selected MPI 
study of PA, PA-Ar, PA-Ar2, and PA-Ar3 has also been 
carried out in which the Si -Se excitation spectrum was 
recorded for each complex.4 In each case, the position of 
the band origin was measured relative to the S, -Se band 
origin of PA and structure assigned to van der Waals vi- 
brational modes in the Sl state was observed. Also, for 
both PA-Ar, and PA-Ar,, evidence was found for the 
presence of two conformers, from studies of band compo- 
nent intensities as a function of stagnation pressure behind 
the nozzle. 
The first bands in the He(I) photoelectron spectra of 
ST and PA are similar in that they both correspond to 
ionization from the highest occupied molecular orbital 
which is essentially one component of the degenerate e,,rr 
orbital in benzene. In each case, the n-system attached to 
the benzene ring makes only a small contribution to this 
orbital. The first vertical ionization energy of ST has been 
measured as 8.48 *to.01 eV (adiabatic value 8.42=i=O.O1 
eV) and structure at intervals of 158O=J= 20, 47Oh 20, and 
710*20 cm-’ has been observed.28’29 Of the three vibra- 
tional separations, only the 1580 cm-’ structure has been 
assigned, to a ring C-C stretching frequency in the ground 
state of the ion.28 In the first band of PA, the vertical 
ionization energy has been measured as 8.82kO.01 eV 
(adiabatic value 8.75+0.01 eV) with regular vibrational 
structure at intervals of 484 f 20 cm- ‘, which has not been 
assigned to a particular vibrational mode in the ion.28 
II. EXPERIMENT 
The laser photoelectron spectrometer used in this work 
is essentially the same as that described previously.18-2o It 
consists of a main vacuum chamber pumped by a 10 in. 
diffusion pump fitted with a liquid nitrogen trap, a sample 
inlet system with a pulsed nozzle producing a free jet, a 
two-color laser system, a threshold photoelectron analyzer, 
a time-of-flight (TOF) mass analyzer, and a data acquisi- 
tion system. 
The threshold photoelectron analyzer used was de- 
signed in this laboratory.‘&20 The method used to collect 
threshold electrons utilizing time delayed extraction can be 
described as follows. The threshold electrons were col- 
lected by applying a pulsed repelling field (typically l-3 
V cm-l) across a set of two meshed plates 400 ns after 
each laser shot. The electrons were then detected using an 
electron multiplier (Murata, Ceratron). In this way, an 
energy resolution of 2 cm-’ [full-width at half-maximum 
(FWHM)] has been obtained for the NO molecule ionized 
in a (1+ 1’) REMPI process via the A 2Z+ state (u’=O, 
N’=7).‘8 
The TOF mass analyzer is based on the Wiley- 
McLaren design3’ with a field-free drift tube of length 20 
cm. The experimental mass resolution of this analyzer was 
sufficient to separate the ions associated with styrene (m/e 
104) and styrene-Ar (m/e 144). 
The two-color (l+ 1’) REMPI process used in this 
work can be written as 
M(So,u”=O) +hw* -+M*(S&) 
M*(S1,u’)+hw2-M+(u+)+e-. 
By fixing or at a particular frequency, a specific mo- 
lecular species can be selected from the output of the free 
jet expansion, and excited to a particular vibrational level, 
u’, in the S, state. By scanning the frequency of the second 
laser (w2), a photoelectron spectrum can be obtained for 
the molecule in a selected vibrational level of its Sl state. 
Two dye lasers (PDL-3, Quanta Ray) pumped by a 
single Nd-YAG laser (GCR-3, Quanta Ray) were used in 
the present two-color REMPI experiments. For the styrene 
experiments, one dye laser output (using dyes R590 and/ 
or R610) was frequency doubled to yield wl while the 
other dye laser output (using dyes R575, R590, R610 or 
Kiton Red) was frequency doubled to give w2. In the phe- 
nylacetylene experiments, the same method was used to 
obtain w2 except that the dyes R610 and R575 were used. 
wl was obtained by frequency doubling the dye laser out- 
put (C540), where the dye laser is pumped by 355 nm 
radiation. 
Wavelength calibration of the two dye lasers was car- 
ried out using an Ar/Fe hollow cathode lamp (Hama- 
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FIG. 1. Threshold photoelectron spectra (TES) recorded for ionization 
from selected vibrational levels of the S, state of styrene. The four spectra 
shown correspond to St -Sc excitation with q and ionization of S, with 
02. The intermediate Si levels selected with q are (a) S, Oc; (b) St 18’; 
(c) St 25’; (d) S, 28’. Each spectrum was recorded in two parts by 
scanning o2 using two laser dyes (see text for further details). Each 
spectrum has been corrected for changes in laser power and the intensities 
in each part were normalized by recording at least one vibronic compo- 
nent in both parts. Relative vibrational components are estimated to be 
accurate to within 10%. 
matsu Photonics). Although experimental errors in the 
adiabatic ionization energies are written as *5 cm-’ be- 
cause of a photoelectron bandwidth of 10 cm-‘, the accu- 
racy of each photoelectron peak position is 1 cm- ‘. 
Styrene vapor, from a sample reservoir cooled to 
- 10 “C, was mixed with argon at a pressure of 2 atm and 
passed through a pulsed nozzle into the ionization region 
of the spectrometer. For phenylacetylene, the same proce- 
dure was used except that the sample reservoir was at room 
temperature. Styrene ( > 99%) and phenylacetylene 




The MPI excitation spectrum for a free jet expansion 
of styrene in argon, recorded by measuring the ion current 
as a function of wt in the range 34 700-36 200 cm-‘, was 
found to be in good agreement with that recorded previ- 
ously for the St state of styrene by LIF (Ref. 22) and 
two-photon resonance, one-color MPI.25,26 To the low fre- 
quency side of the S, 0: component, displaced by 3 1 cm-‘, 
a weak band was observed which is not present in the LIF 
excitation spectrum of styrene jet-cooled in helium.22 This 
band has previously been assigned to the S, origin of the 
ST-Ar complex.26 Consistent with this, ( 1 + 1) MPI mass 
spectra recorded for ionization from the St 0: component, 
showed a signal from only the styrene cation ST’, whereas 
ionization from the lower energy component gave an ion 
signal corresponding to ( ST-Ar) +. 
( 1 + 1’) TES spectra were then recorded by setting o1 
to be in resonance with a chosen vibronic level of the sty- 
rene St state and scanning w2 in the range O-1600 cm-’ 
above the adiabatic ionization energy. Vibronic compo- 
nents were selected in the St state corresponding to single 
quantum excitation in one vibrational mode. In each case, 
assignment of the main vibrational structure in the thresh- 
old photoelectron spectrum could be readily achieved as 
the assignment of the excitation spectrum is well estab- 
lished.22p24*2s The chosen resonant levels in the S, state 
were O”, 18l, 25’, and 28t and the TES spectra recorded via 
these intermediate vibronic states are shown in Fig. 1. 
These spectra were recorded using two laser dyes to scan 
w2 over the ranges shown. Component intensities in these 
spectra have been corrected for variation in laser power 
with frequency and the intensities in the two parts of each 
spectrum were normalized by recording a feature in the 
overlap region common to the ranges of the two dyes used. 
For ST-Ar, a ( 1-t 1’ ) TES spectrum was also re- 
corded via its S1 0’ state. The spectrum obtained was very 
similar to that shown in Fig. 1 (a), with all the observed 
vibrational components being, within experimental error, 
in the same position relative to the adiabatic component as 
found for the styrene monomer. However, as has been ob- 
served previously for the aniline-argon complex,20 each 
component exhibited extra structure on the high energy 
side. This was most clearly seen for the adiabatic transi- 
tion. Three regularly spaced vibrational components were 
observed with average separations of 15.0* 0.5 cm-’ [see 
Fig. 2(a)] and, within experimental error, vibrational 
structure showing the same separations and relative inten- 
sities as that shown in Fig. 2(a) was also observed associ- 
ated with the other main components. 
6. Phenyl acetylene 
A similar series of experiments were also performed for 
PA. 
The ( 1 + 1) MPI excitation spectrum via the S1 state, 
as recorded by monitoring the total ion current as a func- 
tion of ol, was in good agreement with the S, LIF excita- 
tion spectrum recorded for a free jet expansion of PA in 
helium.24 However, unlike styrene, the S1 0: component is 
not the strongest feature in this spectrum. The 35; compo- 
nent is the most intense, 492 cm-’ above the origin. As has 
been discussed elsewhere,23 in the St -So band a complete 
cancellation of the transition moments associated with the 
two contributing one electron transitions occurs and the 
band derives its absorption strength from vibronic cou- 
pling. On the low frequency side of the S, 0: component, 
displaced by 27 cm-‘, a weak feature was observed which 
has been assigned by Castleman and co-workers4 using 
one-color, mass resolved MPI to the origin band of the 
PA-Ar complex. A similar feature was also observed as- 
sociated with the 35; component of PA, displaced by 27 
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FIG. 2. The first threshold photoelectron bands of (a) ST-Ar and (b) 
PA-Ar recorded by setting w, on the S, -.Sc 0: transition and scanning 
tiy (see text for further details). 
cm-’ to lower frequency, which arises from the 35; tran- 
sition of the PA-Ar complex. Castleman and co-workers4 
were also able to demonstrate the presence of PA-Ar, and 
PA-Ar, under their expansion conditions by recording 
mass-resolved excitation spectra. However, for the condi- 
tions used in this present work, no evidence for the com- 
plexes PA-Ar, and PA-Ar3 was found in the excitation 
spectra. 
As in the styrene case, ( 1 + 1’) TES spectra of phenyl- 
acetylene were then recorded via selected vibronic levels of 
the S1 state, the O”, l3’, 35l, and 12l levels. A TES spec- 
trum recorded by exciting to a particular vibronic level of 
the S, state in which one vibrational mode is excited 
showed vibrational separations in that mode which could 
be readily identified and measured (see Fig. 3). ( 1 + 1’) 
TES spectra were also recorded for the PA-Ar complex 
excited via the S, 0’ and 35l intermediate levels. As in the 
case of ST-Ar, in terms of ion internal energy, the spectra 
were, within experimental error, identical to those re- 
corded for the uncomplexed monomer [i.e., Figs. 3 (a) and 
3(c)] but extra structure was observed on the high energy 
side of each component. An example of this is shown in 
Fig. 2(b) where the adiabatic component of the PA-Ar 
complex recorded via the S, 0’ intermediate level is shown. 
The band shape is very similar to that recorded for ST-Ar 
with three regularly spaced vibrational components being 
observed with average separations of 15.0~1~0.5 cm-‘. 
IV. DISCUSSION 
One of the main results to be derived from this work is 
that the first adiabatic ionization energies of styrene and 
phenylacetylene have been accurately determined. The val- 
ues obtained are 68 267* 5 cm-’ (8.464*0.001 eV) and 
TES of Phenylacetylene 
13+(' 13'2 





Ion Internal Energy / cm-’ 
FIG. 3. Threshold photoelectron spectra (TES) recorded for ionization 
from selected vibrational levels of the S, state of phenylacetylene. The 
four spectra shown correspond to S, -3, excitation with o, and ioniza- 
tion of S, with oz. The intermediate S1 levels selected with o, are (a) 
S, 0’; (b) S, 13’; (c) S, 35’; (d) S, 12’. Each spectrum was recorded in 
two parts by scanning o2 using two laser dyes (see text for further de- 
tails). Each spectrum has been corrected for changes in laser power and 
the intensities in each part were normalized by recording at least one 
vibronic component in both parts. Relative vibrational component inten- 
sities are estimated to be accurate to within 10%. Weak signals associated 
with styrene, added in small quantities to the phenylacetylene sample by 
the manufacturer, are indicated using the symbol (v). These signals arise 
from one-color, ( 1 + 1) 264 ionization of styrene. 
71 175*5 cm-’ (8.825rtO.001 eV) for ST and PA, re- 
spectively. When comparison is made with the first adia- 
batic and vertical ionization energies of these molecules 
measured by He(I) photoelectron spectroscopy, the adia- 
batic values determined by TES are in each case in better 
agreement with the He(I) vertical ionization energy (I,) 
than the He(I) adiabatic ionization energy (1,). 
The first adiabatic (I,) and vertical (I,) ionization 
energies of ST have been measured by He(r) PES as 8.42 
f 0.02 eV (Refs. 28 and 3 1) and 8.48 f 0.02 eV (Refs. 28, 
29, and 3 1 ), respectively. Similarly for PA the first I, and 
I, values have been determined as 8.75 ho.02 eV (Ref. 28) 
and 8.82*0.02 eV.28.32p33 In the He(I) photoelectron spec- 
trum of each molecule, no structure was resolved in the 
first band between the adiabatic and vertical positions and, 
in view of the values obtained in this work, the difference 
between the He(I) 1, and I, values (~0.06 eV in each 
case) must be due to instrumental broadening of the pho- 
toelectron bands, and vibrational hot band contributions. 
The first adiabatic ionization energies of the com- 
plexes, ST-Ar and PA-Ar, have been measured in this 
work as 68 15lk5 cm-’ (8.449*0.001 eV) and 71027 
*5 cm-’ (8.806*0.001 eV) and the difference in these 
ionization energies (2876 f 10 cm- ’ ) is in good agreement 
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TABLE I. Adiabatic ionization energies (2,) and ionic dissociation en- 
ergies (DJ ) determined in this work. 
Molecule ST PA ST-Ar PA-Ar 
Z/cm-’ a 68 267 71 175 68 151 71 027 
D,+/cm-‘b . . . . . . 512* 26 554A 10 
Dz/cm-’ . . . . . . 396k 16’ 406* 
‘Experimental error f 5 cm-‘. 
bSee text for further details. 
‘Reference 26; see text for further details. 
*Reference 34; see text for further details. 
with the difference in the ionization energies of the mono- 
mers, ST and PA, of 2908* 10 cm-‘. 
The first adiabatic ionization energies of M-Ar and M, 
I,(M-Ar) and I,(M), are related via the equation 
IJM-Ar)+D,f=I,(M)+D&‘, (1) 
where M=PA or ST, and 0: and Do+ are the dissociation 
energies of the ground states of M-Ar and (M-Ar) +, re- 
spectively. 
For styrene, D$-D: can be derived using this equation 
as 116* 10 cm-’ using the TES values of I,(ST-Ar) and 
I,(ST). Similarly, for PA-Ar, D,‘-0;; can be evaluated as 
148* 10 cm-‘. 0: for ST-Ar has been determined as 
396k 16 cm-’ in a one-color MPI study.26 This value of 
0: gives D$ as 512*26 cm-‘, a value which is as ex- 
pected greater than that in the ground state of the neutral 
molecule mainly because of a charge-induced dipole inter- 
action in the ion.34,35 Unfortunately, 0; for PA-Ar does 
not appear to have been measured, although it has been 
calculated using an atomic interaction model as 406 
cm-‘.34This leads to DO+ for (PA-Ar)+ as 554s 10 cm-‘, 
using D’-0;; as 148* 10 cm-‘. A summary of the I, and 
Dof values determined in this work is given in Table I. 
As can be seen in Fig. 2, the vibrational envelopes and 
separations of the first bands of ST-Ar and PA-Ar are 
very similar with vibrational separations measured as 15.0 
do.5 cm-‘. The ground states of (ST-Ar) + and (PA- 
Ar) + have three van der Waals vibrational modes, one 
stretching and two bending modes. For the Se state of 
PA-Ar, these modes have been calculated as 42.5 cm-’ 
(a’, stretching mode), 14.5 cm-’ (a’, bending mode), and 
25 cm-’ (a”, bending mode).35 Also, these modes have 
been measured for the S, state using MPI spectroscopy as 
43, 16, and 30 cm-‘.39 Hence, it seems fairly certain that 
for PA-Ar, the 15 cm-’ separations shown in Fig. 2(b) 
arise from a vibrational series in the u’ bending mode in the 
ground ionic state. Vibrational separations of 16, 27, and 
37 cm-‘, associated with excitation of the van der Waals 
modes in the St state, have been observed in the LIF ex- 
citation spectrum of ST-Ar.26 The 15 cm-’ structure ob- 
served for ST-Ar in Fig. 2 (a) is therefore also expected to 
be associated with excitation of the lowest frequency van 
der Waals bending mode in the ion. 
tion. This was achieved, using a method adopted previ- 
ously in a TES study of the aniline-Ar complex,20 via a 
series of Franck-Condon calculations using a one- 
dimensional harmonic oscillator model for the neutral St 
state and the ground ionic state. Unfortunately, the geom- 
etry of the PA-Ar St state required for these calculations 
has not been determined experimentally. It has, however, 
been computed from a series of classical atomic interaction 
model calculations.35 In the equilibrium geometry ob- 
tained, the argon atom is positioned 3.49 A above the plane 
of phenylacetylene, between the center of the benzene ring 
and the center of mass of the molecule, making an angle 
(4) of 11.3” to a line which is perpendicular to the benzene 
ring through the molecular center-of-mass.2’ The change 
in the equilibrium angle on going from the St state to the 
ion is computed as ) A+ 1 =0.54”. Unfortunately, the sign of 
A$J is not determined from these calculations. However, for 
the ionization (PA-Ar) + + PA-Ar, an increased interac- 
tion of the argon atom with the phenylacetylene molecule 
is expected via a charge-induced dipole mechanism. The 
ground state of PA has four doubly filled r-molecular or- 
bitals, whereas the ground state of PA+ has one electron 
removed from the highest filled molecular orbital in the 
neutral ground state. The S1 state can be represented as a 
linear combination of determinants formed from the 3 --t 5 
and 4-+ 6 one-electron excitations within the P system of 
the molecule,36 i.e., $s, = l/v?( 1Q3,5 - ‘@4,J, where ‘c$~~ 
represents a singlet linear combination of determinants ob- 
tained on exciting an electron from n molecular orbital i to 
j. Inspection of the coefficients of the outermost filled bl 
r-molecular orbital computed in this work in a Pariser- 
Parr-Pople calculation for phenylacetylene indicates that 
the main contributions in this molecular orbital occur from 
the carbon centers on the same side of the molecular 
center-of-mass as the acetylene substituent. The computed 
charge density changes on each center on ionization from 
the S, state to the ground ionic state, which are given in a 
footnote to Table II, indicate an increased interaction of 
argon with this part of the phenylacetylene structure in the 
ionic state compared with the S1 state and are therefore 
consistent with a decrease in 4 on ionization (i.e., C$ in the 
S1 state is 10.8”). 
The vibrational envelope of the first photoelectron 
band of PA-Ar shown in Fig. 2(b) was used to estimate 
the change in equilibrium angle between the plane of the 
phenylacetylene molecule and the argon atom on ioniza- 
As indicated earlier, as vibrationally resolved excita- 
tion spectra via the St state of ST and PA have already 
been recorded and assigned,22,23 TES spectra recorded via 
selected vibronic levels of the S1 state allow control of the 
vibrational modes excited in the ion. This method has pre- 
viously been used to measure vibrational modes of poly- 
atomic ions in MPI photoelectron spectra, but at lower 
resolution than in the present work.37a For styrene, as 
can be seen from Fig. 1, excitation of one quantum in ~,s, 
y25 or y2s in the S, state results in structure in the excited 
mode being clearly observed in the TES spectrum, with the 
result that assignment of the main vibrational structure in 
each spectrum can be readily achieved (see Fig. 1). The 
u+ =&l separations in yls, TzyzS or y2s in the ground state of 
ST+ can be measured and these values can be compared 
with those known for the So and S, states (Table II). As 
can be seen from Table II, the values measured for yls, y25, 
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TABLE II. Comparison of neutral (Se and St) and ground ionic vibra- 





















State Neutral&* Neutral,Sle Ground ionic 
Mode stateC 
Yd41) 463 410 460 
r&d 514 492 504 
712(a1) 761 718 759 
‘Values from Refs. 24 and 42. 
bvalues from Refs. 22 and 42. 
%is work; values taken as the V’ =0-l separation in each mode; exper- 
imental error f 2 cm-‘. 
*Values from Refs. 27, 43, and 44. 
Yalues from Refs. 23 and 27. 
‘For PA, the computed Pariser-Parr-Pople charge density changes on 
each carbon atom on ionization from the S, neutral state to the ground 
ionic state are C7+0.25. C8+0.11. C1+0.19. C2+0.09. C3-cO.03. C4 
+ 0.20, C5 + 0.03, C6+ d.09, where’ C 1 to C6 number the carbon atoms 
of the ring, C7 and C8 are the carbon atoms of the acetylene group and 
Cl and C7 are bonded. A C,, structure was assumed in the calculation. 
and y2s in the ground ionic State are noticeably different 
from those in the St state but are very close to those in the 
So state. 
The So state of phenylacetylene is of higher symmetry 
( C2,) than the So state of styrene (C,). As with styrene, 
excitation in one quantum of a vibrational mode in the S, 
state (y13, y35 or y12) gave rise to spectra which showed 
structure in the mode excited and the v+ =0-l separation 
in that mode could be readily measured (see Fig. 3). Also, 
as was the case for styrene, the values obtained for the 
ground ionic state show better agreement with the So fre- 
quencies than the S, frequencies (see Table II). 
Inspection of Figs. 1 and 3 shows that different 
Franck-Condon envelopes are obtained depending on the 
vibrational mode excited in the ion. It is clear from the 
experimental vibrational envelopes that the Au=0 propen- 
sity rule, expected for ionization of a Rydberg state or a 
valence state with a very similar potential energy surface to 
that of the ion, certainly does not apply to the S1 valence 
states of styrene and phenylacetylene when ionized to the 
ground ionic states. The most striking deviation from a 
possible Au= 0 rule occurs in Fig. 3 (b), where ionization 
from the St 13’ level gives a very weak v+ = 1 component 
but much stronger v ’ =0 and 2 components. 
The structure seen in Figs. 1 and 3 is also consistent 
with the normal vibrational selection rules applied to pho- 
toelectron spectroscopy.41 In the So and S1 states of sty- 
rene, the Yis, y25, and y2s modes are all of a’ symmetry42 
and the structure seen in Fig. 1 is consistent with the 
Herzberg-Teller vibrational selection rule for a totally 
symmetric vibration, i.e., 
Av=O,*1,+2,*3 ,.... (2) 
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For phenylacetylene in the So and Sr states, the y12 and 
y13 modes are of ai symmetry whereas the y35 mode is of b2 
symmetry.23’43’44 As expected, the structure in the yr2 and 
yr3 modes in Fig. 3 is consistent with Eq. (2) and the 
structure in y35, Fig. 3(c), observed on exciting one quan- 
tum of y35 in the S, state is consistent with 
Av=O,+2,&4,*6 (3) 
expected for excitation of nontotally symmetric vibrational 
modes.41 
As it is well established that the first two excited elec- 
tronic states of phenylacetylene interact via a vibronic cou- 
pling mechanism, it is interesting to enquire as to whether 
the rules summarized by Eqs. (2) and (3) for the vibra- 
tional modes excited in the TES spectra of phenylacetylene 
are applicable when strong vibronic coupling occurs either 
in the initial or final state. In order to investigate this, 
vertical transition energies for the first two electronic tran- 
sitions in phenylacetylene, the 2 ‘B,+? ‘A, and 
i ‘Al tX ‘A, transitions, were calculated in this work us- 
ing the Pariser-Parr-Pople method as 4.37 and 4.98 eV 
[experimental values 4.45 and 5.20 eV (Refs. 27 and 44)] 
and the oscillator strengths of these transitions were com- 
puted as 0.00 and 0.78, respectively. The 2 ‘B, state essen- 
tially consists of a linear combination of two determinants, 
i.e., l/ti( 1#3,5- l&s) whereas the i ‘A’ state is well rep- 
resented by the 1&5 determinant. These calculations indi- 
c_ate that the S, -So transition in phenylacetylene (the 
A ‘B,+X ‘A,transition) is expected to have zero intensity 
because the A state consists of a linear combination of 
determinants whose contributions to the transition mo- 
ment cancel. However, both experimental27 and theoretical 
evidence36 suggests that this transition-derives its intensity 
through vibronic interaction of the A ‘B, state with the 
5 ‘Al state, which lies less than one electron volt higher in 
energy.36 This interaction arises because excitation of one 
quantum of a vibration of b2 symmetry in the g ‘A, state 
gives a vibronic-state of symmetry B2 which can then in- 
teract with the A ‘B2 state. It should also be noted that the 
2 ‘B2 state excited by one quantum in the b2 mode gives a 
vibronic state of symmetry A’ which can interact with the 
5 ‘A, state. A similar vibronic coupling mechanism is also 
possible for the first two ionic states by excitation of a b2 
mode in states by excitation of a b2 mode in either state. 
The ground ionic state is 2B1 with the second ionic state, 
the 2A2 state, lying -0.60 eV higher.28 Excitation of one b, 
mode in the 2B1 state gives an A2 vibronic state which can 
interact with the higher 2A2 state. Alternatively, excitation 
of a 6, mode in the 2A2 state gives a B, vibronic state which 
can interact with the lower 2Bl state. 
If vibronic wave functions for the initial (St; 2 ‘B2) 
and ionic (2 2B,) states are represented as r+!& and $12, 
respectively, then the transition moment integral, M, for 
the X 2Bl +A ‘B, ionization in phenylacetylene can be 
written as 
M=W34&-#, (4) 
where er is the electric dipole moment operator and E is the 
free electron wave function. 
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If each vibronic wave function is written as a product 
of electronic and vibrational wave functions (e.g., & 
= $r,$,), then Eq. (4) becomes 
This equation leads to the vibrational selection rules 
summarized by Eqs. (2) and (3) for excitation of totally 
symmetric and nontotally symmetric vibrations, respec- 
tively. 
However, if vibronic coupling occurs in the initial and 
final states then Eq. (4) rather than Eq. (5) should be 
used. If a Av=odd transition for ionization via the S, 35’ 
level is considered (e.g., Au= f 1 ), then $L, will be of 
B2Xb2=A1 symmetry and I,$; is of Bt Xa, =B, symmetry. 
If E is an s-wave (ai symmetry) then Eq. (4) will trans- 
form as the totally symmetric representation of the C,, 
point group if the x component of er is chosen. Similarly, if 
E is a p or a d-wave then components of er can be identified 
which will make the integral in Eq. (4) totally symmetric. 
Hence vibronic coupling in both the initial state (S,) and 
the final (ion plus free electron) state could allow Au= odd 
components to be observed in TES spectra recorded via the 
S, 35’ state. The fact that Av=odd components are not 
observed in Fig. 3 (c) must mea_n t&t vibronic interaction, 
while sufficient to allow the A+-X transition to acquire 
intensity in the PA absorption spectrum, is not large 
enough to allow Av=odd components to be observed in 
TES spectra recorded via the Si state excited in one mode 
of y35, a vibration which is of b, symmetry in Cz,. In view 
of this, it would clearly be of interest to record TES spectra 
via vibrationally prepared excited states of other molecules 
where vibronic coupling is known to occur, in order to 
investigate possible breakdown of the normal photoelec- 
tron selection rules summarized by Eqs. (2) and (3). 
Comparison between TES spectra recorded in this 
work and the first bands in the He(I) photoelectron spec- 
tra of ST and PA is difficult because of the large difference 
in resolution between the two types of spectra. Also, for 
each molecule, TES spectra have only been recorded for 
ionization from four vibrational levels of the St state. Nev- 
ertheless, assignments of the vibrational structure observed 
in the Hi first photoelectron bands can be suggested on 
the basis of the results of the present work and the known 
Sc vibrational frequencies. The first band in the Hi pho- 
toelectron spectrum of styrene shows structure with sepa- 
rations of 470* 20 and 1580* 20 cm-’ (Refs. 28 and 29) 
and the first band of phenylacetylene has vibrational sep- 
arations of 484 f 20 and 964 f 20 cm-1.28 For styrene, use 
of the vibrational separations measured in the present work 
for the ground ionic state as well as those known from the 
S, neutral state42 indicates that the separations of 470 f 20 
and 1580 f 20 cm-’ arise from excitation of y2s and yi i in 
the ion, where these modes are mainly ring bending and 
stretching modes. Similarly, the 484* 20 and 964k 20 
cm-’ separations observed in the He(I) photoelectron 
spectrum of phenylacetylene can be assigned to excitation 
of y13 and yl,, ring bending and stretching modes,43t44 in 
the ground ionic state. 
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In this work the potential of two-color REMPI thresh- 
old photoelectron spectroscopy to study the vibrational 
spectroscopy of molecular cations and their van der Waals 
complexes has been demonstrated. For styrene and phenyl- 
acetylene, by selecting the vibronic character of the inter- 
mediate resonant state, some control has been exercized 
over the vibrational structure observed in the TES spectra 
and this has made assignment of the most intense vibra- 
tional components in the mode excited relatively straight- 
forward. Three vibrational frequencies have been measured 
in this way for the ground ionic states of styrene and phe- 
nylacetylene. 
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